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ABSTRACT
Relaxation phenomena have become a major concern in the physics of
spin glasses. There are certain resemblances of these relaxation
properties to those of ordinary glasses. In this work, we compare
the relaxation properties of spin glasses near the freezing tempera-
ture with those of glasses near the glass transition temperature.
There are remarkable similarities between them and they both are in
conformity with two coupled "universality" relations predicted by a

recent model of relaxations iu condensed matter.

wSupporLod in part by ONR Contrict NOOJ4-82-K-0477.

TSupport.od by the U.S. Departw:nt of Energy



I. INTRODUCTION

There is a continued interest in the broad class of materials generally
referred to as spin glasses which include the Cu:Mn, Pd:Mn metallic systems,

some met-glasses, the EuxSr S insulating system and others. A common

1-x
characteristic of spin glasses is the susceptibility cusp. This has led to
the suggestion of a true phase éransition to a novel phase. Another commonly
observed feature of spin glasses is relaxation phenomenon which bears some
degree ot resemblance to relaxations in ordinary glasses and polywers. It has
oft.en been suggested the possibility that the spin glass transition is similar
to ordinary glass transition. Relaxation phenomena are much better known and
characterized in glasses thaun in sPin glasses. Hence it would Ve beneficial
to bring in what we know about relaxations in glasses, make intercomparisons
with that spin glasses and deduce to what extent relaxations in glasses and in
spin glasses are simila.. This is one of the objective of this work. At this
time, expcrimeatal investigations on relaxations in spin glasses is at the
early stage. Altkough very beautiful data are emerging,1-6 yet compared with
glasses, the amount of knowledge is rather meager. Thus, to clarify ideas, we
simulate for a model spin glass whose magnetic relaxation behavior near the
freezing temperature Tf is ideally the same ar relaxations in glass near T ,
the glass transition temperature. This can be done ané is meaningful because
by this time some general featuves of relaxation and their properties ncar T
in glasses have been nsccrtainnd.7 Our considsrations here are relievant
independent of whether a genuine Lhermodynamic phase transition occurs at ’l’f
or not. In vither cases the frequency (time) dependence of relaxation needs

to he considered end will be done here,



II. RELAXATIONS IN GLASSES
Relaxations in glasses remarkably conform to some "universal" patterns.
. As a function of time, relaxations are well described by the fractional expo-

nential function
¢(t) = exp(-t/tp)l'n y 08n<1 (1)

The statement holds for dielectric, optical, recombination, mechanical, vol-
ume, enthalpy, conductivity relaxations, etc., independent of whether tae
relaxation species is an electron, ion, dipole, molecular moiety, polymer
segment or polymer chain. When formally interpreted as a "spectrum of relaxa-
tion times/frequencies" through the identity Ig(t)exp(-t/f)d(logt) g

exp(-t/tp)l-n, larger n correspond$ to a broader "spectrum." When the func-
tioa in Eq. (1) or its time derivative is Fourier transformed, the complex
dielectric susceptibility c*(w), electric modulus, il*{w), stress relaxation
modulus G¥(w), etc., can be readily obtained. Sample calculations of &*(w)
can be found in Fig. 5 of Ref. 8. The peak frequency of wp; cf(wz, is
approximately given by l/tp. The primary relaxation responsible fo;-glass
transition conforms to Eq. (1) pear, below and above T8 although n can b2 a
function of T. Far above Ts, for nonpolymeric glass the fractional cxponent n
is zero or approximately zcro and the effective relaxation time, tp’ shifts
with T in an Avrhenius way: T&exp(EA/kT). Her~ 3,  and %. are respactively
the attempt frequency and activation energy for an activated process and they
both have physically meaningful values. As T approaches Tg, r. increascs and
the "spectrum" broadens. AL the samc time tp as well as the mecan <> &

fra(r)dlny = [tp/(l-n)lr(l/(l-n)) depart  from the Arrhenius  behavior,
increasing more rapidly in the manner as depicted in Fig. 1 for a glass. Here
at several temperatures we give the mechanical relaxation daLa9 together with

the fits to the prediction of Eq. (1). The vaviation o” n as a functiop of T



is also plotted. ese relaxation properties necar Tg will be called here type
A. They are gener lly observed for many glasses and polymers though not
always. For example, there are glasses such as SiO2 and GeO2 that although
they have non-zero n, yet it remains constant and tp shifts in an Arrhenius
manner throughout the temperature range near Tg studied. We shalil refer to
these as type B glasses. Extensive review of data and analyses similar to
that in‘Fig. 1 that establish empirically these regularities can be found in

Ref. 7. In both types of glassecs, tp and n are correlated and well satisfy

another "universal" relation:

v, = [Q-nul )/ U | )
where we is a characteristic upper cut-off‘frequency and T is the Qicroscopic
relaxation time of the relaxation species. Eq. (2) together with Eq. (1) are
coupled predictions of a model.8 By coupled we mean that the same value of n
occurs in both Eqs. (1) and (2). They have been tested extensively in many
relaxation phenomena and found to be generglly valid.7 Jor type A glasses, at
high T, we have n+*0 and it follows from Eq. (2) that tp*to. Hence, T, can be
identifie? with tmexp(EA/kT), at all temperatures. if n increases as T
approaches TK from above, then it can be seen from Eq. (2) that tp becomes
non-Arrhenius even though L is Arrhenius. For a smooth monotonic increase of
n, tp will have the qualitative featurcs of the empirical WLF behnvio'f11 and
the viscosity n = G, <t> may be well described by the empirical Vogel-Tamann-
Fulcher (VTF) cqunt..\'.on.11 The sclid line in Fig. 1 is the fit to the tp vs T
data obtained by taking Tor EA and n(T) from data analyses and adjusting W, -
Very near Tg, in some glasses including that shown in Fig. 1, n deviates from
the VTF cquation and rveverts back to a steep Arrhenius behavior.  In this
regime, unfortunately often the relaxation Lime {8 so long that data of the

exponent n for the relaxation process responsible for viscons flow are not



available. Below Tg’ n depends on thermal history (cooling rate, annealing

temperature and time, etc.) -

I11. RELAXATIONS IN SPIN GLASSES

That Eqs. (1) and (2) together with T variation (or lack of) of mn to
provide a good description of the relaxation of most, though not all, glasses,
make it relatively simple to simulate for ideal spin glasses whose relaxation
properties near '1‘f mirror those of glasses near Tg' Very recently Wenge£4have
measured the ac magnetic susceptibility x* = x'-ix" for an insulating spin
glass (H°203)0.08(3203)0.92 in the frequency range of SHz <f<2x103Hz from 700
to 250 mK (Tf = 420 mK at 5.44 Hz). The data, limited though to less than 3
decades in f, dc suggest that as the X" peak shifts to lower frequencies as T
Jecreases its breadth remains relatively‘constant. The data can be fitted
approximately by Eq. (1) with n%0.7. Nu attempt is made to make an accurate
fit because of insufficient dats available at this time. Thus the holmium
borate spin rlass relaxation is of type B. We simulate its relaxation

-10 10 _ -]

behavior by taking n=0.7 and T-independent , t_ = 10 "“sec, v, = 10" "sec 7,

0
EA/k=2.1 K and use Egs. (1) and (2) to calculate ¥*. That is x*(w,T)=
(C/T)F.T.i(d/dt) exp(-(t/tp)l-n)] where F.T. stands for Fourier transform. In
general, if there is some short range magnetic correlations among the spins
above Tf, then the factor (C/T) should be replaced by the familiar C/(T-6).
From ¥*(w,T) we can obtain the conventional x'(wo,T) and x"(on) for fixed W,
and variashle T. The results are shown in Fig. 2. Bearing in mind that this
igs only a simulation with parameters arbitrarily chosen in the neighborhoud of
values sugpested by cxperiment, it is remarkable that the fcatures are in
striking resemblance Lo Wenger's data.  These include the relative sizes of Y

and x", the shapes of the susceptibility cusps and X" peaks, the frequency

dependence, the Arrhenius relation between VvV oand T( with activation encrgy



8.0 K, and the sizable shift of the ¥" maximum to a lower temperature than
Tf(V) for each of the v's considered.

The Cu:Mn 5% spin glasses seem to conform to type A. Mezei and Murami6
have combined the neutron spin echo and ac susceptibility data to give a rough

idea of how the relaxation changes with T. They found that at :4Tf the

relaxation is expounential e Yt with y=0.5 meV. It continuously slows down as

T is lowered. These data are consistent with a monotonic increase in n as
T-’Tf from above. Near Tf the decay is so slow that if Eq. (1) is obeyed, then
very roughly, n is in the neighborhood of 0.9. Quanitative support for

Eq. (1) comes from recent TRM measurements below T, of Chamberlidswhich he

f

found to obey accurately Eq. (1). ‘The exponent n is about constant at low T

up to T/Tf<0.8 and thereafter increases monotonically to nearly 0.9 near Tf.

In the insulating spin glass Eu, .Sr. .S, X*(w) data was obtained for the

0.27°0.8
first time by Hiser et al.3 from 5.4 Hz to 2.8 kHz at fixed temperature in the

range of 350 mK to 800 mK (Tf=640 mK at 10.9 Hz). The X"(w) peak broadens
markedly as T is lowered. The data being limited (e.g. peak of X" not clearly
rerolved, etc.) does not permit any acc:irate comparison with Eq. (1).
Approximately, the data is consistent with Eq. (1) with n increasing gradually

as T decreases from 800 to 700 mK, and then rapidly increasing from 700 to

\

600 mK. There seems to be a further zradual increase in n down to 350 wK to a
value clese to unity.

Both Cu:Mn and EuxSr xS exhibit type A behavior. With Hiiser et al.'s

1-
data in mind we simulate X*(w,T) through Eqs. (1) and (2) by assuming n(T/Tf)

to have T-variation as shown in Fig. 3, w, 010 radians/sec, tm=10—losnc,

{ .
EA=2Tf and TfﬂBOO mK at 1.6x10 " Hz. X'(w) and x"(w) are chen calculated for

vacious T. From these we can compute alsc x'(T/T[) and x”(T/Tf) at various

tixed w. The results are displayed in Fig. 3 and they are remarkably similav



to the actual data. The X"(T)/x'(T) ratio is smaller than that of holmium
borate glass and the relation between Vv and Tf is non-Arrhenius, resembling

the VTF behavior.

IV. CONCLUSIONS

Analyses of various data taken in three different spin glasses enables us
to conclude that relaxation properties near Tf of spin glasses resemble
closely that of ordinary glasses near Tg. Holmium borate spin glass behaves
like Ge0,-type of glasses, while EuxSrl_xS and Cu:Mn like'Cao.4K0.6(N03) type
glass. In spite of this difference, the relaxation properties of both types
of spin glasses or glasses conform to two coupled "universal" rules predicted
earlier.7 Simulations of X' and X" by these rules, with parameters close to
that suggested by experimental data, reproduces several features of the data
rather well. We expect that other properties of relaxation in glass such as

thermo-history dependence should be observable also in spin glasses.
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FIGURE CAPTIONS
FIG. 1. Plot of tp vs 1/T above Tg for Ca0.4K0-6(NO3). A, X and O are from
experimental data (Refs. 9 and 10). O are predictions from Eq. (2). Insets

are fits of Eq. (1) to mechunical relaxation data also from Ref. 9.

FIG. 2. Real and imaginary parts of X* obtained by calculation (see textfor
parameters) for the purpose of simulation of a type B spin glass: Holmium

borate glass.

FIG. 3. Real and imaginary parts of ¥* obtained by calculation for the pur-

pose of simulation of type A spig glass: Euo 2Sr0 8S. The variation of n

with T assumed is also displayed (Tf=800 mK) .
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